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Strategies to achieve targeted gene delivery via the 
receptor-mediated endocytosis pathway 
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(5e/?e transfer to eukaryotic cells may be. accomplished by 
c&Ritatizing on e^^^ . : 

macfcmbteeutar transport, in th&fegar&i rholedujar 
conjugate vectors have been vfeveldftti which deliver DfU 
vik the receptor-mediate??, endocytosis jfytfityky AfT 
attractive feature of this vepttir system is the poiehmiio ■-.■;■*:■ 
achieve targeted gene detiSSsry b&sted upon flexible 
incorpbraiidn-dfa targeting lifrahd In this review m dekcrfbe 
steps that have been taken to optimize this vector sy&^ i« 

Introduction 

There are presently two gene transfer strategics to 
accomplish gene therapy: ex vivo and in vivo. Despite 
their efficacy in selected contexts, ex vivo strategies are 
limited to cells that can be manipulated extra- 
corporeal^. Thus, the ability to accomplish in vivo gene 
transfer would significantly expand practical 
applications of various gene therapy strategies. To 
accomplish in vivo gene transfer, a vector must possess 
certain intrinsic characteristics. It must first be capable of 
efficient gene delivery. Despite the large number of gene 
transfer vehicles currently available, very few are able to 
mediate effective gene delivery in vivo. This reflects the 
fact that in order to accomplish in vivo intracellular 
delivery, the gene transfer vector must first be able to 
transit various systemic barriers. In addition to in vivo 
efficiency, a systemically administered vector should 
also possess the capacity to mediate gene expression in a 
selected cell population. In this regard, a targetable gene 
transfer vector should only be internalized into a cell 
type of interest and the delivered gene expressed only in 
that cell line. An ideal systemic gene transfer vector 
would also be devoid of viral gene sequences. This 
strategy would circumvent safety issues intrinsic to viral 
gene delivery systems which would be of even greater 
significance in the setting of a systemically delivered 
vector. A gene transfer vector meeting the above criteria 
would be in conceptual accord with the proposed 
'targetable, injectable vector 7 |l-4); a safe, non-toxic and 
efficient in vivo delivery vector, and would dramatically 
expand the practical applications of gene therapy. 
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Specific strategies include (he incorporation of mechanisms 
to achieve conjugate escape, frpm the endosome and the 
denvation of methods to eliminate, Mujt&spfnohspeoiffcity. 
These developments have demonstrated the potential to 
construct a vector system in which multiple independent 
components may Motion in a cohchrted manner to 
^Mlm&^Kl^ effidmcygene delivery. In their 

v&tors 

^^^tf^pogiffai applications for in vitro usoj 

Many different types of vectors have been developed 
for gene transfer applications. These vectors include 
viral vectors, such as recombinant adenoviruses and 
retroviruses, and non-viral vectors, such as liposomes 
and calcium phosphate precipitation. In all of these 
strategies, in order to accomplish effective gene transfer, 
the delivered gene must cross multiple subcellular 
barriers. These barriers include: transit through the 
eukaryoticcell plasma membrane, cytoplasmic to 
nuclear transport, nuclear entry and functional 
maintenance within the nucleus. Persistence of gene 
expression can be achieved either by stable integration 
of heterologous DNA in the nucleus or by maintenance 
of an extrachromosomal replicon. Therefore, an effective 
gene transfer vector must possess specific mechanisms 
to accomplish each of the aforementioned steps. 

Viral vectors 

Viruses have evolved specifically to transport their 
genetic material to target cells using mechanisms both 
intrinsic to the virion and also expropriated from the 
target cells [5-7). In this regard, viral vectors such as 
recombinant adenoviruses have been developed which 
capitalize on the efficient internalization pathway of 
these viruses [81. Recombinant adenoviral vectors are 
designed so that the gene of interest is integrated within 
the viral genome. In this configuration, viral gene 
delivery also accomplishes delivery of heterologous 
genes. Thus, the integrity of the viral genome is crucial 
to the vector function of therapeutic gene delivery. 
Despite the ability of adenovirus vectors to accomplish 
gene delivery both in vitro and in vivo {8-10|, 
recombinant adenoviral vectors are limited by both 
practical and theoretical constraints. In practice, the 
amount of therapeutic DNA sequences which may be 
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packaged is limited to only 6-8 kb [8, 11]- Thus, gene 
therapy strategies for diseases such as muscular 
dystrophy may be limited using adenoviral vectors due 
to the large size of the gene of interest required to 
correct this disease [121 In addition, the targetability of 
recombinant adenoviral vectors is limited by the tropism 
of the virus. This can have two possible implications. On 
one hand, ectopic gene delivery may be accomplished to 
cell types which contain adenovirus receptors; the 
adenovirus cell surface receptor is endogenous to many 
cell types and promiscuously expressed [101 On the 
other hand, the cell surface receptor may not be found in 
the cell type of interest as is the case with differentiated 
muscle cells [121 In addition to targetability, the issue of 
vector safety is undefined. Since the viral genome is 
crucial to vector function, obligatory co-delivery of viral 
genes introduces potential safety risks. In spite of some 
of these limitations, recombinant adenoviral vectors are 
currently being employed in selected human protocols. 

Like recombinant adenoviruses, recombinant 
retroviruses transduce cells via a highly efficient 
internalization pathway. Recombinant retroviral vectors 
have been designed to capitalize on the fact that 
integration of the parental genome is a normal part of 
the life cycle of the virus 113]. The capacity to integrate 
exogenous DNA sequences with subsequent long-term 
gene expression is highly desirable in many therapeutic 
scenarios. In selected contexts, recombinant retroviruses 
can effectively transduce certain cell populations. 
However, recombinant retroviruses, like recombinant 
adenoviruses, are limited by the amount of exogenous 
DNA they can package; only 6-7 kb [141 In addition, 
they are unable to transduce cells which are terminally 
differentiated, thus limiting their in vivo efficacy [151 In 
addition, the obligatory introduction of elements of the 
parent virus genome during delivery poses potential 
safety hazards as a consequence of recombination events 
with endogenous human retroviruses generating 
replication-competent viruses [14]. 

Non- viral vectors 

As an alternative to viral systems, non-viral gene transfer 
vectors have been developed. Non-viral gene transfer 
vectors utilize distinct mechanisms to accomplish gene 
delivery. For example, liposomes deliver DNA by 
membrane fusion [16], CaP0 4 precipitation by non- 
specific endocytosis [17] and direct DNA injection by 
physical disruption of the membrane [181. There are two 
ma'jor limitations intrinsic in the design of these non-viral 
gene transfer vectors. The first is that gene delivery 
employing these methods results in membrane 
perturbation. Disruption of cellular membranes is 
intrinsically cytotoxic, thus making these vectors unlikely 
candidates for in vivo gene therapy. Second, these non- 
viral vectors are designed to deliver exogenous DNA to 
the cytosol. Without a mechanism to transport the gene 
to the nucleus for subsequent gene expression, efficiency 
is limited. In addition, as these methods transduce cells 
indiscriminately, it may not be possible to use these non- 
viral vectors to target specific cell types. 
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Molecular conjugate vectors 
To circumvent these limitations, methods have been 
developed to deliver DNA via the receptor-mediated 
endocytosis pathway [19-241 These vectors, called 
molecular conjugate vectors, capitalize on the 
internalization mechanism intrinsic to specific 
macromolecules; receptor-mediated endocytosis. The 
basic design of molecular conjugates is to attach plasmid 
DNA to a macromolecule ligand which can be 
internalized by the cell type of interest. To accomplish 
this, a molecular conjugate vector possesses two distinct 
functional domains: a DNA binding domain which is 
composed of a polycation such as polylysine and a 
ligand domain which binds to a particular cell surface 
receptor. The polylysine domain is chemically linked to 
the ligand 119, 21]. The polycation not only binds DNA 
through electrostatic forces but condenses the DNA 
allowing it to mimic the compact structure of 
. macromolecules [251 This facilitates the entry of DNA 
into the cell vesicle system. 

Conjugate vectors which internalize by a normal 
! cellular pathway were first developed by Wu et al. to 

achieve gene transfer in hepatocytes [19, 20]. In this 
! strategy, gene transfer to hepatocytes was achieved 
using the internalization mechanism for clearance of 
asialoglycoproteins, which are internalized by 
hepatocytes. Other groups have also achieved gene 
transfer by receptor-mediated strategies. Birnstiel et al. 
have accomplished gene transfer via receptor- mediated 
endocytosis using transferrin-poly lysine molecular 
conjugate vectors as shown in Figure 1 [21-231 In 
addition, Davis has achieved gene transfer via the 
immunoglobulin A (IgA) transcytosis pathway as a 
method to target respiratory epithelial cells [24]. 

Molecular conjugate vectors possess potential 
advantages for gene therapy applications. First, since 
vector entry is via a normal physiological pathway, 
transduction is non-toxic to cells and the vector can be 
administered repeatedly. Second, as conjugates are 
devoid of any viral elements, this eliminates the 
possibility of deleterious recombinational events. In 
addition, due to the plasticity of their design, it is 
theoretically possible to target any cell type by the choice 
of the ligand domain. Thus, this vector system uniquely 
allows for the capacity of cell-type specific targeting. 

Despite their theoretical advantages over other gene 
transfer vectors, gene transfer efficiency in several in vitro 
systems has been idiosyncratic. For example, delivery of 
molecular conjugates to cells which appeared to have the 
appropriate cell surface receptors frequently resulted in 
insignificant gene expression [22, 261 In those instances, 
fluorescent imaging of cells which were transfected with 
molecular conjugates and yet showed absent hetero- 
logous gene expression indicated that the conjugates 
were indeed internalized but appeared to be trapped 
within endosomal vesicles [23]. To increase the amount of 
DNA that escapes lysosomal degradation, different 
lysosomotropic agents have been used to augment 
expression of transfected DNA [23]. These findings are 
consistent with the fact that, although molecular 
conjugates possess a specific and efficient internalization 
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mechanism, they lack a mechanism to accomplish escape 
from lysosomal degradation after cellular internalization 
which limits gene transfer efficiency. 

Adenoviruses facilitate molecular conjugate delivery 
To overcome the limitation of endosome entrapment a 
strategy was explored with the goal of augmenting gene 
transfer by the receptor-mediated endocytosis pathway. 
In this regard, adenoviruses enter cells by a receptor- 
mediated endocytosis pathway [27, 28]. The entry 
pathway of adenoviruses is, in fact, quite similar to the 
initial entry events of molecular conjugates The 
adenovirus fiber protein binds to an uncharacterized cell 
surface receptor [27]. The virion is then engulfed into 
c athnn-coated pits and internalized into an endosome 
Unlike molecular conjugates, adenoviruses are not 
trapped within these vesicles. Acidification of 
endosomes containing adenovirus particles results in 
endosome disruption 129], allowing virions to proceed 
to the nucleus to complete their life cycle 

It is noteworthy that the process of vesicle disruption 
is a Junction of viral capsid proteins and independent of 
viral gene expression [28]. It has been hypothesized that 
endosome acidification during adenovirus 
internalization elicits conformational changes in capsid 
proteins in a manner that allows the capsid proteins to 
interact with and disrupt the vesicle membrane The 
exact mechanism of endosome disruption has not been 
completely delineated. However, monoclonal antibodies 
against the penton protein have been shown to 
selectively block endosome lysis [30]. Thus, the penton 
base and/or peripentonal capsid components appear to 
be the crucial capsid proteins involved in endosome 
disruption. Inferential evidence also suggests (hat 
functional cooperativity among other capsid proteins 
may be crucial in this process. 

Gene Therapy 
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Figure I One transfer via the receptor- 
mediated endocytosis patlnmu. A 
bifuncthnal molecular conjugate is 
employed to hind DNA and transport it via 
cellular macromolecular transport 
mechanisms. The conjugate consists of a 
DNA-binding domain, comprised of a 
cationic polylysine moiety, which is 
comlenlly linked to a ligami for a cell 
surface receptor, in this case transferrin 
Plasmid DNA hound to the polyh/sine 
moiety of the conjugate undergoes marked 
condensation to yield an 8lt-itH) nm toroid 
with stirface-loculizeit transferrin molecules. 
When the transferrin ligand domain is 
ivund by its corresjKmdiiig cell surface 
receptor, the conjugate is hilcrualiz,-d In/ the 
receptor-mediated endoevtosis pallnmi/'. co- 
transporting bound DNA. Escape from the 
cell vesicle system is achiened hi/ a fraction 
of the internalized conjugate- DNA complex 
to achUiv nuclear localization where 
heterologous gene expression is adiieved. 
Reproduced from 'Progress in Meilical 
Virology', Vol 40 pp. 1-18 (1993) with 
permission of S. Karger. 



It has been shown that adenovirus can facilitate the 
cellular entry of macromolecules [31 ]. Furthermore it 
has been established that receptor-bound ligands can be 
^internalized with adenovirus [32]. In this regard, 
Pastan et al. have shown that adenovirus can facilitate 
chimeric toxin-con jugate entry via the receptor- 

let^ e ^ 0c y' osis P athwa X f32J. In this study, it was 
shown that this adenoviral facilitation was based upon 
the endosome disruption capacity of adenovirus Thus 
adenovirus can enhance cytoplasmic delivery of 
macromolecules subsequent to their endosome co- 
localization with adenovirus and, furthermore this 
capacity of the adenovirus is based upon its ability to 
disrupt cellular endosomes during cell entry 

These studies suggested the possibility that 
adenovirus could also facilitate the entry of molecular 
conjugate vectors by a similar mechanism. To test the 
hypothesis that adenoviruses could mediate molecular 
conjugate escape from lysosomal degradation (Figure 2) 
molecular conjugates containing a lucifera.se reporter ' 
gene were co-delivered to HeLa cells with a replication 
defective adenovirus [33]. The replication defective 
adenovirus was used in order to separate effects 
mediated by viral entry and viral gene expression It 
was shown that increasing reporter gene expression 
corresponded to increasing concentrations of 

SnT^ S - m& adenovjral facilitation achieved levels 
2000-fold greater than levels achieved with transferrin- 
polylysine conjugates alone. As the replication- 
incompetent virus used in these studies is incapable of 
intrinsic gene expression, the observed augmentation in 
gene expression during adenovirus facilitation of 
conjugate-mediated gene transfer exclusively reflects 
adenovirus entry features. It is important to note that the 
number of virion particles required to achieve these 
levels of augmented gene expression corresponded to 
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Figure 2 Meclianism of adenoviral facilitation of molecular conjugate-mediated 
gene transfer. After binding to their respective celt surface receptors, co~ 
internalization of the transferrin-iiolytysine conjugate and the adenovirus is 
unthin the same endocy tot ic vesicle. Adenovirus-mediated endosome disruption 
alkm>s vesicle escajie for both the virion and the conjugate-DNA complex. 
Rqimtuced from 'Progress in Medical Virology', Vol 40 pp. 1-18 (1993) 
with permission ofS. Karger. 

the number of adenovirus receptors on the target cell 
[341. A saturable dose-dependent effect was observed, as 
would be expected in a receptor-limiting context. 
Similar results were noted for a number of target cells, 
some of which included cell types otherwise refractory 
to transfenin-polylysine-mediated gene transfer. 

Next, the basis of the virus' ability to significantly 
enhance gene transfer mediated by molecular conjugates 
was explored. The intention was to be able to differentiate 
viral entry features which allowed the observed 
facilitation of conjugate entry . In this regard, heat 
treatment of adenovirus particles ablated their ability to 
mediate cell vesicle disruption without impairing the 
ability to bind to target cells [29]. In these experiments, 
transferrin-polylysine complexes were co-delivered with 
heat-inactivated virions. Results indicated that heat 
treatment completely abrogated the ability of the virus to 
augment gene transfer. This finding emphasizes the fact 
that the molecular conjugate's principal limitation to 
achieving effective gene transfer to target cells is the 
conjugate's lack of an endosome escape mechanism, and 
that it is specifically the adenovirus' ability to disrupt 
endosomes which is responsible for its capacity to 
augment conjugate-mediated gene transfer. 

Adenoviruses linked to molecular conjugate vectors 
Since molecular conjugate-mediated gene transfer could 
be significantly augmented by the addition of free 
adenovirus particles, it was logical to think that 
incorporation of adenoviruses into the functional design 
of the vector would likewise facilitate conjugate- 
mediated gene transfer through addition of the 
functional capacity of endosome disruption. The strategy 
to accomplish this is illustrated in Figure 3. A major 
concern in trying to link adenoviruses to molecular 
conjugates was the preservation of both the binding and 



endosome disruption capabilities of the virus. Since fiber 
and penton proteins are believed to be primarily 
responsible for binding and internalization, respectively, 
and hexon protein is thought to be a 'scaffolding' protein 
(351, the conjugates were linked through the hexon 
protein. Linkage was accomplished via an antibody 
bridge between the molecular conjugate and adenovirus. 
This was accomplished by conjugating a monoclonal 
antibody against a foreign epitope on the adenovirus 
hexon protein to the polylysine-DNA complex (Figure 
4). For this purpose, a chimeric adenovirus containing a 
foreign epitope in the surface region of its hexon protein 
was constructed [36J. The design of this complex ensured 
a non-neutralizing linkage between the chimeric virus 
and molecular conjugates. 

The capacity of adenovirus-polylysine-DN A 
complexes to accomplish gene transfer to target cells 
was evaluated. In these experiments, different 
combinations of conjugate components were assayed for 
their ability to mediate gene transfer. It is important to 
note that all conjugate components were required to 
achieve effective gene transfer. Thus, it was in fact the 
physical linkage of DNA to virus that was the crucial 
factor allowing high efficiency gene delivery. In these 
experiments, heat-inactivated adenovirus was unable to 
mediate high efficiency gene transfer in the linked 
configuration, also indicating that the ability to mediate 
endosome disruption is the property of the adenovirus 
which is responsible for facilitating conjugate entry. 
These experiments demonstrated that it was possible to 
design a molecular conjugate vector which contained an 
integrated endosome lysis domain. Furthermore, this 
added function greatly augmented the gene transfer 
capacity of the complexes. 
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Figure 3 Schematic of approach to derive adenovirus~potytysine-DNA 
complexes containing heterologous DNA attached to exterior of adenovirus 
capsid. To accomptisli linkage of an adenoviral cognate domain and a 
poli/cationic DNA-binding domain, the chimeric adenovirus P202-Ad5 
containing a heterologous epitope in the exterior domain of its hexon protein 
uw5 employed in conjunction with a monoclonal antibody specific for this 
epitope. Control experiments demonstrated that attachment oftlie monoclonal 
antibody ivas non-neutralizing for adenovirus P202~Ad5. The monoclonal 
antibody zoas rendered competent to carry foreign DNA sequences by 
attaching a volylysine moiety. Interaction of the polylysine-antibody 
complexed DNA tvith adenovirus P202-M5 occurs via the specificity of tlie 
conjugated antibody. Reproducett from 'Progress in Medical Virology', Vol 
40 pp. 1-18 0993) with permission ofS. Karger. 
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Figure 4 Construction of a chimeric adenovirus containing a heterologous 
epitope m the surface region of the hexon ca^id protein. Since the adenoviral 
caftsid proteins fiber and penton are important metiiators of the adenoviral 
entry mechanism, attachment of capsid-hound ON A was targeted to the 
hexon protein. A specific attachment site for an immunologic linkage was 
created by introducing a heterologous epitope into the surface region of the 
hexon protein by site-directed mutagenesis of the correspond™? rcvimi of the 
adenoviral hexon gene. The introduced foreign epilog is a iwtionof 
Mycoplasma pneumoniae PI (M.P1) protein. Reproduced from Progress in 
Medical Virology', Vol 40 pp. 1-18 (1993) with permission afS. Knrger. 

The delivery strategy of the adenovirus-polylysine- 
DNA complex is in some way analogous to recombinant 
viral vectors- However, aspects of the design are novel, 
differing from recombinant viral vectors in that the 
heterologous DNA sequence is linked to the outside of 
the adenovirus. This design confers certain practical 
advantages. First, there is less constraint in the size of 
DNA to be delivered as this capacity is not limited by 
the packaging constraints of the virus. In addition, since 
the gene of interest binds non-covalently to polylysine 
in a sequence-independent manner [23L it is possible to 
carry DNA of any design. Another difference is that 
recombinant viral vectors are highly dependent on the 
parent viral genome for all functions related to the 
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delivery of heterologous DNA to the nucleus of target 
cells. To illustrate the fact that this is not the case in the 
adenovirus-polylysine-DNA complex, a replication- 
defective adenovirus was used in the linked complex. 
No significant decrease in gene transfer efficiency was 
noted. This again emphasizes the fact that it is the 
adenovirus capsid proteins that mediate endosome 
disruption and this event is independent of viral 
genome function [37J. 

Significantly, it was observed that adenovirus-linked 
molecular conjugates were able to mediate levels of 
gene expression which were two orders of magnitude 
greater than gene transfer achieved by free adenovirus 
facilitation of molecular conjugates [381. Whereas one 
would expect a facilitation in gene transfer based upon 
the endosome disruption function of the adenovirus, it 
was further noted that molecular conjugates with 
linked adenovirus appeared to be even more facilitated 
than conjugates co-delivered with free adenovirus. The 
basis for this may be deduced from considerations of 
the methods of facilitation in these two instances. In the 
linked configuration, the adenovirus possesses the 
capacity to transport the bound DNA to the nuclear 
pore through its intrinsic nuclear localization capacity. 
Alternatively, in the free adenovirus configuration, the 
adenovirus functions as an endosome lysis agent 
allowing complex DNA to enter the cytosol. In this 
instance, no facilitation beyond cytoplasmic delivery is 
provided. Thus, in the linked configuration, it is likely 
that adenovirus not only mediates vesicle disruption 
but effectively transports the DNA to the nucleus due to 
the presence of a nuclear localization function (Figure 5) 
127, 28]. 

Other viruses /inked to molecular conjugate vectors 
Since adenovirus was able to efficiently augment gene 
transfer mediated by molecular conjugates, other viral 
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Figttre 5 Entry pathway of adenovirus- 
com\H)nent molecular conjugate vector. 
After binding to target cells] the complex is 
internalized via the receptor-mediated 
eiuiocytosis \mthuxiy. Escape from the 
endosome is accomplished by adenoviral- 
mediated disruption of the cell vesicle. This 
allows the complex to ingress into the 
cytosol, where it may access the nuclear 
pore based on adenoviral nuclear 
localization signals. Reproduced from 
'Progress in Medical Virology', Vol 40 pp. 
1-18 099M with permission of S. Karger. 
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agents were studied for their ability to mediate similar 
results. In this regard, the enveloped influenza virus, 
which also enters cells by a receptor-mediated 
endocytosis mechanism [51, was linked to the molecular 
conjugate complex. Inclusion of influenza as the viral 
component of the conjugate did not result in increased 
gene transfer efficiency compared with adenovirus 
complexes. This is presumably due to the differences 
between the entry mechanisms employed by the 
different viruses. For influenza, viral gene delivery is 
carried out through a membrane fusion event between 
the viral envelope and the cell endosome membrane [5]. 
It is likely that the complexed heterologous DNA, in this 
instance, remains trapped within the cell vesicle. Thus, it 
is not sufficient for the entry mechanism of the viral 
component to be receptor-mediated endocytosis. A 
vesicle disruption event seems to be required for 
enhanced gene transfer efficiency. 

Ternary complexes 

The viral component in the adenovirus-polylysine- 
DNA conjugates was added for the purpose of 
providing an escape from lysosomal degradation. 
However, the adenovirus may also act as the exclusive 
ligand domain of the molecular conjugate in this 
configuration. To validate this concept, different cell 
types which either contained a large population of 
adenovirus receptors or were relatively refractory to 
adenovirus binding were targeted. As anticipated, the 
tropism of the virus dictated the specificity of the 
adenovirus-polylysine-DNA conjugates [36]. Cells 
which contain a high number of adenovirus receptors, 
HeLa and KB cells, are highly susceptible to gene 
transfer using these complexes. In contrast, HBE1 and 
MRC-5 cells, which contain a relatively low number of 
adenovirus receptors, are much less susceptible to gene 
transfer by this vector system. Thus, in the adenovirus- 
polylysine-DNA configuration, the adenovirus 
component dictated the tropism of the conjugate. 

To overcome this potential limitation, it was 
determined whether the viral component could be used 
as an endosome lysis agent in conjunction with an 
alternate ligand domain and, thus, expand the tropism of 
the vector system. To accomplish this, 'combination' or 
'ternary complexes' were derived (Figure 6). These 
complexes are formed by the sequential addition of 
adenovirus, antibody-polylysine and DNA, followed by 
the second ligand, transferrin-polylysine. To determine 
the gene transfer efficiency of these ternary complexes, 
both transferrin-polylysine-DNA, and adenovirus- 
polylysine-DNA complexes, in addition to ternary 
complexes, were delivered to HeLa cells. This cell line 
possesses high levels of both adenovirus and transferrin 
receptors. A marked increase in gene transfer efficiency 
was observed with the ternary complexes compared with 
the adenovirus-polylysine-DNA complexes. This 
augmentation was much greater than any additive effect 
of adenovirus-polylysine and transferrin-polylysine 
would predict. This result could be explained by efficient 
targeting of these complexes through both the adenovirus 
and transferrin receptors with the adenovirus functioning 
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Figure 6 Strategy far the employment of combination conjugates containing 
adenovirus and transferrin. Complexes ivere derived that contain transferrin 
an the ligand domain and adenovirus as an endosome lysis domain. These 
combination complexes possess the potential to enter cells via the transferrin 
or adenovirus pathway. In the former instance, after entry via the transferrin 
pathway, the adenovirus xvould function exclusively in the capacity of an 
endosome lysis agent. Such conjugates thus pi)ssess both specific 
internalization and endosottte e$ca}ie mechanisms. Reproduced from 'Progress 
in Medical Virology', Vol 40 pp. 1-1$ (1993) with permission ofS. Kiirger. 

as an endosome lysis agent by either pathway. Thus, it is 

; possible to derive complexes which contain distinct 
endosome disruption and ligand domains which function 
in a concerted manner to accomplish gene delivery. 
To determine whether adenovirus-transferrin- 

. poly lysine conjugates could internalize solely by the 
transferrin pathway with adenovirus still acting as an 
endosome lysis agent, these complexes were delivered 

1 to HBE1 cells which have previously been shown to 
contain few adenovirus receptors. When HBE1 cells 

1 were transduced with these combination complexes, 
levels of gene expression were comparable to those 

; observed in HeLa cells [361. In this instance, it was 
shown that adenovirus could still mediate vesicle 

. disruption even when it is internalized by an alternate 
pathway. This result demonstrates the utility of 
providing a second ligand domain to augment gene 
transfer to cells which may lack adenovirus receptors. 

Ablation of adenoviral binding 
Combination complexes contain three linked, 
functionally independent domains which together 
mediate high efficiency gene transfer in target cells; 
These domains include: a DNA binding domain, a 
ligand domain and a viral component which was added 

; to provide utility as an endosome lysis agent. The fact 
that these complexes provide two distinct internal- 
ization mechanisms, however, undermines the potential 
targeting specificity of molecular conjugate vectors. In 
order to exploit the endosome lysis ability of adenovirus 
selectively, monoclonal antibodies (mAbs) directed 

, against adenovirus fiber protein were generated [39 J. 
These antibodies were able to effectively neutralize 
adenovirus binding and internalization. The effect of 

' neutralizing mAb on the facilitation of molecular 
conjugate-mediated gene transfer by free adenovirus 
was then evaluated (Figure 7). It was shown that not 
only did the anti-fiber antibody ablate adenovirus 
binding, but it also obliterated its ability to facilitate 
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Figure 7 Effect of anti-fiber antibody 
on the ability of free adenovirus to 
facilitate molecular conjugate- 
mediated gene transfer. Cells were 
treated with human transferrin- 
potylysine-DNA complexes plus 
free adenovirus dl3U. Adenovirus 
was used to facilitate gene transfer 
through its ability to disrupt cellular 
endosomes, thus allowing 
conjugate- DNA complex ingress 
into the target cell cytosol. The 
adenovirus liad been pre-treated 
with either an anti-fiber antibody 
(afiberAb #7) or an irrelevant 
antibody (PY203). Cell lysates were 
evaluated for reporter gene 
expression. Reproduced from 'Cene 
Ttierapeutks: Methods and 
Applications of Direct Gene 
Transfer' pp. 99-117 (1994) with 
permission of Birkhauser. 



gene transfer using molecular conjugates. This confirms 
that adenoviral entry is a prerequisite for viral 
facilitation of molecular conjugate-mediated gene 
transfer. 

Since the anti-fiber antibody ablated the ability of 
free virus to facilitate gene transfer using conjugates, it 
was next determined if ablation of adenovirus binding 
in the linked configuration would nonetheless allow 
retention of the endosome disruption capacity of the 
virus. Although one might expect a decrease in gene 
transfer based on the loss of one entry pathway, the fact 
that transferrin receptors are found in excess in HeLa 
cells would be predicted to make this difference 
insignificant. In this analysis, the use of antibody-coated, 
binding-incompetent adenovirus did not decrease the 
overall levels of gene expression observed (Figure 8). 
This result indicated that, despite entry via an alternate 
internalization pathway, fiber binding was not required 
for adenovirus to mediate endosomal vesicle disruption. 
This is consistent with the concept that adenoviral 



binding and vesicle disruption are not functionally 
linked. Thus, it is possible to construct a multi- 
functional molecular conjugate that is able to mediate 
high efficiency gene transfer without having the 
adenovirus act as a compering ligand. It is thus feasible 
to exploit the endosome lysis capacity of adenovirus 
without undermining conjugate specificity. 

Other non-specific binding 

Ablation of adenoviral binding enhances the overall 
specificity of a molecular conjugate for a target cell. 
There are, however, other possible sources of non- 
specific binding which may arise from the conjugate's 
design. For instance, it has been shown that polylysine 
binds non-specifically to certain cell lines [26J. Co- 
delivery of non-ligand-polylysine-DNA complexes and 
free adenovirus to cells may result in levels of gene 
transfer comparable to those observed with 
ligand-polylysine complexes in these selected instances 
126, 33]. Since this non-specific binding is a result of 
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Figure 8 Effect of anti-fiber antibody 
on the ability of combination 
complexes to mediate gene transfer. 
Combination complexes were 
prepared containing human 
transferrin and adenovirus 
OiTfpljAdpL). Vie incorporated 
adenovirus had been pre-treated with 
either an anti-fiber antibody 
(afiberAb W7) or an irrelevant 
antibody (l>Y203). Cell lysates were 
evaluated for reporter gene 
expression. Reproduced from 'Gene 
Tfjerapeutics: Metliods and 
Applications of Direct Gene 
Transfer' pp. 99-1 1 7 (1 994) with 
permission of Birkhauser. 
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electrostatic interactions between polylysine and ceil 
membranes, it was hypothesized that one could 
neutralize the charge differential and thus eliminate the 
basis of this binding. To address this, yeast tRNA, a 
negatively charged polynucleotide, was used to treat 
polylysine condensed DNA. The tRNA-treated 
complexes and free adenovirus were co-delivered to 
target cells and analyzed for their ability to achieve gene 
transfer. It was shown that non-specific 
polylysine-DNA uptake in HeLa cells could be 
significantly reduced by the tRNA (Figure 9). To show 
that this treatment did not also block specific uptake by 
virtue of the ligand, the experiment was repeated using 
transferrin-polylysine-DNA complexes. This study 
indicated that tRNA did not interfere with specific 
ligand uptake. Thus, non-specific polylysine binding to 
cell surface components can be reduced using a 
polyanion such as yeast tRNA, without compromising 
the specific receptor-mediated endocy tosis uptake of 
ligand-polylysine complexes. This modification 
increases the potential for cell-specific gene transfer 
using molecular conjugate vectors. 

Application of adenovirus-linked molecular conjugate 
vectors 

For certain applications, adenovirus-linked molecular 
conjugate vectors are ideal in their present form. For 
example, they have been found to be highly efficient 
transfection reagents for many in vitro applications 
[21-23, 40]. In addition to mediating high efficiency gene 
transfer in transformed human cells, they are also able to 
mediate high efficiency gene transfer in primary cell 
cultures of various tissue types [41-441. This is of 
significance in ex vivo transduction of cells which are to 
be retransplanted after transfection with the gene of 
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Figure 9 Effect of yeast tRNA on nan-specific binding of polylysine-DNA 
complexes to target celts. HeLa cells ivere treated with palylysine-DNA 
complexes (pL-DNA) or tRNA-coated polylysine -DNA complexes 
(pL-DNA f tRNA) plus free adenovirus dlSl2 (Ad). After binding at 4 C, 
plates were washed to remove unbound components and cell lysates evaluated 
for expression of the tuciferase reporter after 24 h. Reproduced from 'Natural 
Immunity: Potential of Gene Tiierapy in Cancer Vol. 13, pp. 741-164 (1994) 
with permission ofS. Knrger. 



interest. Another important property of molecular 
conjugate design is its ability to deliver large DNA 
constructs, which is a great limitation in recombinant 
viral systems. This allows the use of specific promoter 
elements to enhance overall gene expression. In addition 
to delivering large genes efficiently, it is also possible to 
deliver multiple DNA constructs simultaneously. 

Despite their efficacy in vitro ; use of molecular 
conjugates in vivo has been idiosyncratic. Gao et ni have 
shown that molecular conjugate vectors are able to 
mediate gene transfer in the airway epithelium of cotton 
rats [45]. The observed gene transfer was not, however, 
as efficient as would be expected from the observed in 
vitro efficacy. This has been shown to be due to the 
instability of molecular conjugates in vivo. It has been 
shown that the polylysine component of the conjugates 
is a target of humoral factors after in vivo delivery (E. 
Wagner, personal communication). As the basis of 
conjugate instability is understood, several steps may 
potentially be taken to address this problem. As the 
polylysine component is the primary locus of conjugate 
instability in vivo, it is logical to propose that 
replacement of the polylysine DNA binding moiety with 
some other DNA binding component may obviate this 
limitation. An alternative strategy would be to directly 
link the DNA to the conjugate via chemical techniques 
using cross-linking reagents or with a high affinity 
biotin-streptavidin linkage. In addition, a conceptually 
distinct strategy being developed seeks to mask the 
polycarion component of conjugates using 'stealthing' 
procedures. These are several examples of steps that 
may be taken to improve the in vivo efficiency of 
molecular conjugate vectors by mitigating the known 
basis of conjugate instability. 

In addition to these considerations, other factors 
could potentially limit the utility of molecular conjugate 
vectors for strategies requiring in vivo delivery by the 
systemic route. The initial applications of direct in vivo 
targeting of gene transfer utilizing molecular conjugates 
have involved selective delivery to the liver 146-48]. In 
this instance, the vascular endothelium of the liver 
possesses fenestrations of a size which would be 
predicted to allow conjugate access to the liver 
parenchyma. For other end-organ targets, however, this 
may not be the case. The issue of vector immunogenicity 
could also limit the use of molecular conjugates in 
applications which require repetitive gene delivery. In 
this regard, it has recently been shown that systemic 
delivery of recombinant adenoviruses leads to a 
prominent host immune response which limits the 
subsequent capacity for direct in vivo delivery 
employing this strategy |49]. For adenovirus-component 
molecular conjugate vectors, this phenomenon would 
probably be of similar significance. 

In their present form, molecular conjugate vectors are 
able to mediate high efficiency gene transfer in vitro via 
the receptor-mediated endocytosis pathway and thus 
possess the capacity for targeted delivery. This is largely 
due to the plasticity of the conjugate design whereby 
incorporated ligands determine the vector tropism. It has 
been shown that viral endosome disruption functions 
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incorporated into the conjugate design dramatically 
enhance gene transfer efficiency, and that these functions 
may be exploited selectively in a manner whereby the 
viral tropism will not undermine conjugate specificity. In 
addition, since the endosome lysis ability of the 
adenovirus is not a function of viral gene expression, it is 
possible to selectively exploit this function without 
introducing viable viral gene elements and thus take 
steps to inactivate the viral genome. This strategy seeks 
to capitalize on the minimal functional elements of the 
virus entry pathway which are useful for vector utility. 
Although not ideal in its present form, the vector design 
is consistent with the concept of the proposed targetable, 
injectable gene transfer vector. It is flexible in its tropism 
and is largely comprised of specifically derived 
functional components. The next logical step in vector 
development is the incorporation of an integration 
mechanism into the design of the vector. This would 
enable the delivered DNA to be stably maintained either 
in the host genome or extrachromosomally leading to 
long-term gene expression. As it has been demonstrated 
that distinct functional domains may operate in an 
independent manner in the context of molecular 
conjugate vectors, it is not illogical to speculate that a 
viral integration system could also be incorporated into 
the design of the present system. 
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